Abstract: Aim: This paper describes some limnological variables of four reservoirs with different trophic status (Billings, Guarapiranga, Jundiaí and Paiva Castro) of the Metropolitan Region of São Paulo, Brazil, aiming to characterize the water quality in these reservoirs. Methods: Water sampling occurred between October 2011 and September 2012, on subsurface, at the pelagic compartment. Physical and chemical characteristics of water were evaluated, and the Trophic State Index (TSI) was calculated. Multivariate Principal Components Analysis (PCA) was used to ordinate sampling sites and periods in relation to environmental data. Results: Two reservoirs were classified as eutrophic (Billings and Guarapiranga), one as mesotrophic (Jundiaí) and one as oligotrophic (Paiva Castro). The highest concentrations of total phosphorus, nitrogen and chlorophyll a were recorded in the eutrophic reservoirs. The lowest values of dissolved oxygen concentration were registered at Guarapiranga reservoir. Residence time in Paiva Castro reservoir was very low (one day); on the other hand, the highest value was recorded in Billings reservoir: 428 days.
Extreme hydrological events such as droughts have a profound impact on society and affect water supply, food production and energy generation (Getirana, 2015) . Intense fluctuations in the volume of water stored in reservoirs can affect water quality, not only because of alterations in residence time, but also because it can increase bank erosions, resulting in higher turbidity and other negatives impacts (Straškraba & Tundisi, 2013) .
Considering the economic and ecological importance of these reservoirs, this study aims to characterize de water quality in four reservoir of the MRSP, of three different Water Supply Systems (Alto Tietê, Cantareira and Guarapiranga), with different trophic state, in order to provide information for its management and monitoring. These data are important for further studies aiming to compare water quality before and after this exceptional drought.
Material and Methods

Study area
Four reservoirs of the MRSP were selected, considering historical data of their trophic state ( Figure 1 ). Table 1 contains some important features of each reservoir. These reservoirs are located near highly populated urban areas and suffer with population growth and lack of basic sanitation, receiving pollutant loads, mainly of domestic origin. Their uses includes recreation, fishing, domestic and industrial effluents dilution.
Billings reservoir is located on the southeast region of São Paulo and is one of the most important reservoirs of MRSP (Table 1) . Among the uses listed above, it includes public supply (through Taquecetuba arm) and sometimes electricity generation at Henry Borden power plant (Carvalho et al., 1997) . Due to its configuration, the principal water flow passes mainly through the longest central axis of the reservoir, which measures more than 20 km, exiting at the Summit Control, where the sampling site is located (CETESB, 2003) .
Guarapiranga reservoir is located on the southwest region of São Paulo and is the second largest source of water supply of MRSP (Table 1) . This reservoir receives water transposed from two other watersheds: from the Capivari river to the Embu-Guaçu river and the reversal of water from Billings reservoir through the Taquacetuba arm, operating since 2000 (Whately & Cunha, 2006) . Among other uses cited above, the reservoir is used for public water supply. The sampling site is located
Introduction
Water quality has been the subject of recent studies in Brazil (Buzelli & Cunha-Santino, 2013; Cardoso-Silva et al., 2014; Oliveira et al., 2014) and abroad (Akoto & Abankwa, 2014; Dawson et al., 2015) , specially because of pressure on hydric resources, due to increase in population density and the discharge of domestic and industrial effluents in water bodies, resulting in artificial eutrophication.
The Metropolitan Region of São Paulo (MRSP) has eight water supply systems, composed of reservoirs and rivers, which provide 74.2 thousand m 3 for a growing population (SABESP, 2015a). The largest system is Cantareira, followed by Guarapiranga and Alto Tietê, in which the reservoirs studied here are included. Unfortunatelly, most reservoirs suffer because of unplanned urban occupation, which implicates in further impacts in water quality (Tundisi, 2005) , and therefore this region is considered the second worldwide in terms of precarious water resources, partly due to the intense anthropogenic impact that it receives (Whately & Diniz, 2009) . Among the existing impacts, the contribution of wastewater should be particularly stressed, resulting in accelerated eutrophication and frequent blooms of algae and cyanobacteria (Sant'Anna et al., 2008) . In 1992, Tundisi & Tundisi (1992) mentioned that between 30-50% of aquatic environments around the world were eutrophic, with highest trophic status in those located near urban centers and agricultural areas, where discharges of nitrogen and phosphorus are more intense. According to Di Bernardo et al. (2010) , reversing the process of artificial eutrophication in aquatic environments is extremely difficult and costly.
In the last years (2013 to 2015) , an exceptional drought has affected most of eastern Brazil, with a prolonged period of above average temperatures coupled with low precipitation rates (Getirana, 2015) . This drought affected all drinking water supply systems of MRSP, but specially Cantareira System, which used to provide 33 m (SABESP, 2015a; SABESP, 2015b; ANA, 2015; Escobar, 2015) .
Although also affected by the climatic conditions, other reservoirs such as Billings are increasing its contribution, in order to avoid water supply shortage, despite its poor water quality. near the mouth of the Parelheiros river, which receives 2.0 m 3 /s pumped from Billings reservoir. Jundiaí reservoir is located on the southeast region of São Paulo state (Table 1 ) and is part of the Alto Tietê system. Its uses include public water supply (through its connection with Taiaçupeba reservoir). The sampling site is located in the middle of the reservoir, in front of an arm where water is transposed to Taiaçupeba reservoir.
Paiva Castro reservoir is located on the northwest region of São Paulo and is part of the Cantareira system (Table 1) . This system has five reservoirs connected through channels and tunnels, and Paiva Castro is the penultimate of them. Formed by the damming of the Juqueri river, the reservoir is located mainly in Mairiporã municipality. The sampling site is located in the middle of the reservoir. 
Hidrological variables
Pluviometric precipitation data was obtained from CETESB (2012, 2013; Figure 2 ). The residence time of each reservoir was calculated for the period of study as recommended by Nogueira et al. (1999 (Brandão, 2011) , and the water variables listed in Table 2 were measured. Multivariate Principal Components Analysis (PCA; Goodall 1954 apud Valentin 2000) was used to ordinate sampling sites and periods in relation to environmental data (Figure 3) . PCA was carried out using PC-ORD, version 6.0 for Windows (McCune & Mefford, 2011) .
The Trophic State Index (TSI) was calculated according to CETESB (2013) , without considering the Secchi Disk transparency, since this parameter can be affected by turbidity due to suspended material and not only by the density of planktonic organisms. Limits used are: ultra-oligotrophic (TSI ≤ 47), oligotrophic (47 < TSI ≤ 52), mesotrophic (52 < TSI ≤ 59), eutrophic (59 < TSI ≤ 63), supereutrophic (63 < TSI ≤ 67) and hypereutrophic (TSI > 67).
Results
In 2011, sampling periods were typical, considering the precipitation regime, with increased precipitation in early spring, and values close to the historical average (Figure 2a ). In 2012, precipitation in the months of January, April, June and July were higher than the historical average, especially in June, and in the months of August and September were lower than the historical average (Figure 2b ).
Residence time for each reservoir was calculated, with the highest value recorded in Billings reservoir (428 days) and the lowest in Paiva Castro reservoir (1 day; Table 1 ). TSI for the studied period was calculated for each sampling site in each reservoir, and they were classified as eutrophic (Billings and Guarapiranga), mesotrophic (Jundiaí) and oligotrophic (Paiva Castro; Table 3 ). Figure 3 shows that average chlorophyll a has a great positive correlation with residence time for the studied period.
Water temperature, electrical conductivity, pH, dissolved oxygen, water transparency, nitrate, ammoniacal nitrogen, total Kjeldahl nitrogen, total phosphorus, chlorophyll a, turbidity and alkalinity values are shown in Table 3 .
PCA performed with the above limnological variables, including chlorophyll a, explained 69.86% of data variation on the first two axes (Figure 4 
Discussion
Reservoirs located in densely populated regions receive discharges of nutrients, organic compounds and heavy metals that impair water quality and threaten aquatic biota and human health (Ishii & Sadowsky, 2008) . That is the case of the four reservoirs of our study.
According to TSI, for the studied period, Billings and Guarapiranga reservoirs were characterized as eutrophic environments, Jundiaí reservoir as mesotrophic and Paiva Castro reservoir as oligotrophic. PCA performed with eleven abiotic variables and chlorophyll a from the four reservoir corroborates TSI results, with the two eutrophic environments grouped in the left side of axis 1, related to higher concentrations of nutrients and chlorophyll a, and the other reservoirs grouped in the right side, with higher concentrations of dissolved oxygen and transparency. These results are in agreement with those presented by CETESB (2013) and other studies conducted in Billings (Cardoso-Silva et al., 2014; Wengrat & Bicudo, 2011; Cunha et al., 2011; Moschini-Carlos et al., 2010) and Guarapiranga (Fontana et al., 2014) reservoirs in different sampling sites.
Residence time is associated with major differences in water quality between reservoirs (Straškraba & Tundisi, 2013) . According to Schindler (2006) , the rate of water renewal is an important modifier of nutrients concentrations in aquatic ecosystems. Other authors also pointed that fluctuations in water level and residence time in reservoirs can strongly affect the phytoplankton community, acting directly upon the maintenance of these organisms in the water column (Reynolds, 2006; Bernhardt et al., 2008) . Besides, short residence time causes biomass loss due to hydraulic washing and mechanical shock between phytoplankton cells (Kimmel et al., 1990; Straskraba et al., 1993) . According to Henry et al. (1985) , the development of phytoplankton requires a residence time of at least 2 or 3 weeks to allow significant growth of organisms. This minimum time was observed in Billings, Guarapiranga and Jundiaí reservoirs, but not in Paiva Castro reservoir, where rapid flow may have reduced nutrient availability and chlorophyll a concentrations. We found positive correlation between residence time and chlorophyll a, an indicator of algal biomass as well as eutrophication. Therefore, residence time probably influenced trophic status of these reservoirs.
Between the two eutrophic reservoirs, Guarapiranga showed the worst results, especially transparency, total phosphorus, nitrogen and dissolved oxygen concentrations. The mouth of Parelheiros river is a shallow site which receives a high amount of sewage and where there´s a strong influence of the surrounding terrestrial area. Other than this, it receives water pumped from Billings reservoir, between 2.0 to 4.0 m 3 .s -1 , in order to replenish Guarapiranga reservoir according to its fluctuations. The highest values of phosphorus in Guarapiranga reservoir correspond to the first four samples (ranging between 0.07 and 0.32 mg.L -1 ), and the first three were sampled while water was being transferred from Billings reservoir, classified as eutrophic in this study. Aiming to assess the effects of the transfer of water between this two reservoirs, Matsuzaki´s study (Matsuzaki 2007 apud Gemelgo et al., 2009 ) related the higher concentrations of this nutrient in Parelheiros mouth to the pumping of water from Billings reservoir. Shallow systems can be highly susceptible to nutrients movement when not stratified (Leira et al., 2009) , and the resuspension of nutrients produces a self-fertilized system (Bicudo et al., 2007) . The average concentrations of chlorophyll a registered for Guarapiranga reservoir (29.31 µg.L (Moschini-Carlos et al., 2010; Wengrat & Bicudo, 2011) . However, in July 2012 we registered the highest concentration of total phosphorous in this study (1.65 mg.L -1 ). This period was unusual because of the intensity of rainfall -between June and July 2012 precipitation values were almost twice the historical average, which probably influenced this high concentration of total phosphorus.
Although chlorophyll a concentrations registered for Billings reservoir (40.48 µg.L -1 average concentration) are in agreement with those found by Wengrat & Bicudo (2011) Straškraba & Tundisi (2013) , in cascade reservoirs the negative effects in water quality are transferred along them. Sendacz et al. (2005) found that progressively increasing effects of eutrophication were occurring across three reservoirs of the Upper Tietê System (Ponte Nova, Jundiaí and Taiaçupeba), since the water transferred through channels from the first reservoir (Ponte Nova) involves high inputs of nitrogen and phosphorus to the other reservoirs (Jundiaí and Taiaçupeba). Diffuse contribution and sewage discharge in this reservoir can also affect its water quality. Nevertheless, all concentrations of Total ammonia were below the limit of detection throughout the study period.
On the other hand, in Paiva Castro reservoir, classified as oligotrophic, all total phosphorus concentrations were lower than quantitation limit of the used method, with the highest values of transparency and high concentrations of dissolved oxygen, ranging from 7.6 mg.L -1 to 8.98 mg.L -1 . It also had lower concentrations of total nitrogen than the other reservoirs. However, the residence time calculated for this reservoir was of only one day, which can be the explanation for such low concentrations of nutrients.
During this study, non-typical data was observed in rainy and dry periods, with heavier rainfall in June and July 2012, commonly a dry period, which may have been a decisive factor for the lack of observation of seasonality. PCA analysis did not show the formation of groups according to periods, except for four samples from Jundiaí and Paiva Castro reservoirs between June and September 2012, associated with higher transparency and dissolved oxygen concentrations.
This study shows that these important reservoirs of São Paulo state need interventions to avoid the rapid deterioration of water quality, which can jeopardize its uses, especially for human consumption. Conley et al. (2009) suggest that it is prudent, and in most cases essential, to implement a strategy to reduce both phosphorus and nitrogen concentrations in order to control and reverse the enrichment process of systems. Both Guarapiranga and Billings reservoirs have regulations establishing a maximum phosphorus load considering land use in their watersheds (São Paulo, 2006 . Although reductions in nutrient loading to aquatic ecosystems are utilized all over the world to minimize the symptoms of artificial eutrophication (Cooke et al., 2005) , measures such as improving wastewater collection and treatment and controlling nonpoint source inputs are complex activities, especially in urban areas with irregular occupation. However, these measures need to be implemented in order to control and remediate eutrophication in reservoirs. Moreover, such complex systems must be operated considering not only water quantity, but residence time as a factor that can improve water quality, minimizing primary production and possibly cyanobacterial blooms. Lee's study (Lee et al., 2012 ) of a Korean reservoir raised the possibility of inhibiting algae growth establishing strategies for water quality management, such as diminishing the residence time in summer. 
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